melanosomes donated by melanocytes. If the same holds for human skin, this would mean that past measurements of CPDs immediately after UV exposure have underestimated the consequences of UV exposure.
T he Notch signaling pathway is essential for cell-fate determination in all metazoan species (1) . In adult mammals, Notch signaling directs neural and hematopoietic stem cell differentiation and development of many immune cell subsets (2) (3) (4) . Mammalian Notch receptor homologs (Notch1 to 4) encode a Notch extracellular domain (NECD) that engages ligands, a transmembrane domain, and a Notch intracellular domain (NICD) that translocates to the nucleus to serve as a transcriptional cofactor (5) . Signaling is initiated when the NECD binds Jagged1, Jagged2, Delta-like 1 (DLL1), or Deltalike 4 (DLL4) ligands on the surface of an apposing cell, triggering proteolysis of the Notch receptor in a process that is dependent on ligand endocytosis (6) (7) (8) (9) . Mutations in Notch and its ligands are associated with a number of inherited and acquired diseases, including Alagille syndrome (AGS) and T cell acute lymphoblastic leukemia (T-ALL) (10) .
Notch-ligand interactions are apparently dependent on posttranslational modification of Notch receptors with O-glucose (O-Glc) and Ofucose (O-Fuc). The epidermal growth factor (EGF) modules of the NECD are specifically targeted by protein O-glucosyltransferase 1 (Poglut) and protein O-fucosyltransferase 1 (Pofut1) enzymes (11, 12) . O-glucosylation and O-fucosylation are both required for Notch activation yet play distinct roles in the signaling pathway. O-glucose modifications indirectly affect signaling by increasing susceptibility to protease processing after ligand engagement, whereas O-fucose modifications directly enhance Notch affinity for Jagged/ DLL (11) (12) (13) . Elongation of O-fucose to a disaccharide by Fringe N-acetyl-glucosaminyltransferases further influences specificity by facilitating preferential interactions between certain receptorligand pairs (14) (15) (16) . A long-standing question has been whether O-glycans directly contact ligands or contribute through allosteric effects. There are few examples of posttranslational modifications engaging in specific interactions between extracellular signaling proteins, although this has been observed in other ancient developmental pathways, such as the lipidmediated interaction critical to Wnt-Frizzled recognition (17) .
There are presently no high-resolution structures describing Notch-ligand complexes, although there are structures of unliganded Notch1 EGFlike repeats 11 to 13 (Notch1 (11) (12) (13) , amino acids 411 to 530) and an unliganded Jagged1 fragment spanning from the N terminus to EGF3 (amino acids 32 to 337) (18, 19) . Mammalian NECDs consist of 29 to 36 EGF repeats followed by 3 cysteinerich LIN repeats. It has been established from many studies that EGF11 and 12 alone are sufficient for binding to Jagged/DLL, and these domains are assumed to represent the core recognition element (18, 20) . Additional regions have been implicated in Notch ligand recognition, including EGF domains 6 to 15 (21, 22) . Jagged/ DLL ECDs, like those of Notch, have a modular extracellular domain architecture consisting of a region termed module at the N-terminus of Notch ligands (MNNL) domain followed by a Delta/Serrate/Lag-2 (DSL) domain, and either 6 (DLL3), 8 (DLL1 and DLL4), or 16 (Jagged1 and Jagged2) EGF repeats (19, 23 (18, 24) . Structural information about Notch-Delta/Jagged interactions is absent largely due to several complicating factors that have precluded the reconstitution of Notch receptor-ligand complexes for structural studies. Notch possesses an intrinsically low affinity for its ligands (25, 26) . Furthermore, optimal ligand binding requires proper modification by O-glycosyltransferases in the recombinant Notch fragments used for structural analysis (13) . Finally, the calcium binding by several Notch EGFs is important for folding and ligand engagement (5, 18, 27) . To overcome these obstacles and capture a stable complex for structure determination, we used in vitro evolution to engineer mutations in DLL4 stability and enhance affinity for Notch1.
Affinity maturation of DLL4
We targeted the interaction between Notch1 and DLL4 for affinity maturation because they represent the mammalian receptor-ligand pair with the highest intrinsic affinity (21) . As a platform for in vitro evolution, we expressed DLL4 comprising the predicted receptor-binding region spanning from the N terminus to EGF2, plus EGFs 3 to 5, on the surface of yeast as a fusion to cell wall protein Aga2 (Fig. 1A) . DLL4 was displayed, rather than Notch1, because yeast do not encode for the O-glycosylation enzymes required for modification of Notch EGFs. To isolate higher-affinity DLL4 variants, we generated a mutant library of DLL4(N-EGF5) using unbiased error-prone polymerase chain reaction and performed several rounds of selection on magnetic beads with decreasing concentrations of Notch1(1-14) tetramers or monomers. Wild-type DLL4 did not bind Notch1(1-14) (Fig. 1A ) but gradually increased in affinity after each round of selection (Fig. 1B) . To further enhance DLL4-Notch1 affinity, the selectants were pooled and subjected to a second cycle of mutagenesis. Clones isolated from the first-and second-generation libraries were sequenced and revealed a series of consensus mutations in only the MNNL and DSL domains (Fig. 1C and fig. S1 ).
We expressed recombinant forms of wild-type DLL4 and engineered DLL4 variants in insect cells and measured their binding affinities for Notch1 by surface plasmon resonance. Wildtype DLL4(N-EGF2) bound Notch1(1-14), Notch1 (10) (11) (12) (13) (14) , and Notch1(11-13) with dissociation constant (K d ) values of 12.7 mM, 8.6 mM, and 7.5 mM, respectively ( Fig. 2A) . The similar DLL4 affinity for Notch1 (11) (12) (13) and Notch1 (1-14) is consistent with previous studies suggesting that EGFs 11 and 12 constitute the major binding determinants (18, 20) . We next determined the affinity of a variant containing SLP consensus mutations (G28S, F107L, and L206P) named DLL4 SLP , and the highest-affinity variant from the secondgeneration library, named DLL4 E12 , containing the three SLP mutations plus four additional substitutions (N118I, I143F, H194Y, and K215E) (Fig. 1C) . Minimal binding regions of DLL4 SLP (N-EGF1) or DLL4 SLP (N-EGF2) bound our Notch1 constructs with a K d of~260 to 540 nM. DLL4 E12 (N-EGF2) interacted with an even lower K d range of~56 to 68 nM ( Fig. 2A) , a 125-to 225-fold increase in affinity relative to wild-type DLL4(N-EGF2) ( Fig. 2A) . The kinetics of the Notch1-DLL4 interactions suggests that affinity-enhancing mutations have slowed the dissociation rate of the complex ( fig. S2 ).
Notch1 activation by DLL4 variants
To ensure that the affinity-enhancing mutations in DLL4 did not diminish function, we assayed the signaling activity of the high-affinity DLL4 variants. We performed a luciferase assay using a stable cell-line expressing Notch1 and a luciferase reporter gene under control of the Notch-driven CBF1, Suppressor of Hairless, Lag-1 (CSL) promoter. Cells incubated with DLL4 SLP (N-EGF2) gave a similar maximal response (E max ) as wildtype DLL4(N-EGF2) ( O-glycans are highlighted in orange, and cell membranes are depicted as gray discs. The remaining domains of the Notch1 or DLL4 receptors are displayed schematically in magenta or teal, respectively. DICD, DLL4 intracellular domain. (B) The Notch1-DLL4 crystal structure is modeled as the interaction is predicted to occur in cellular contexts. Notch is trans-activated upon binding to ligands on adjacent cells or cis-inhibited upon binding to ligands on the same cell. In one model for trans-activation, mechanical pulling force resulting from endocytosis of ligand by adjacent cells activates Notch. The 2:2 dimer observed in the crystal asymmetric unit is also displayed as it may occur between two cells. The same dimer organization was observed in crystals of Notch1(11-13)-DLL4 SLP (N-EGF1) and is further described in fig. S5 .
to wild-type DLL4 and DLL4 SLP proteins (Fig.  2B) . Performing activation assays with longer DLL4(N-EGF5) constructs increased the E max of wild-type DLL4 and the SLP variant, suggesting that EGF3-5 may provide the low and intermediate affinity ligands with sufficient length to access the cellular Notch1 receptors in the platebased format ( fig. S3) (21) . We also assessed the ability of the first generation SLP variant to compete with immobilized wild-type DLL4 for Notch1 binding. The soluble DLL4 SLP (N-EGF5) effectively inhibited Notch1 activation (Fig. 2C) . Thus, the affinity-enhanced DLL4 variants remain functional in activating Notch signaling.
Crystallization of the Notch1-DLL4 complex We attempted to make Notch1-DLL4 complexes with a variety of different combinations of DLL4 affinity-matured constructs and Notch1. DLL4 SLP (N-EGF2) formed biochemically stable complexes with Notch1(11-13) ( fig. S4 ). Heterogeneous N-linked glycans were enzymatically trimmed in DLL4 SLP (N-EGF2) by sensitizing the insect cells with a mannosidase inhibitor, kifunensine, followed by treatment with endoglycosidase F1 (Endo F1). This strategy digests all but the proximal N-acetyl glucosamine (Nag) from asparagine residues without affecting O-linked sugars. Crystals of Notch1(11-13) bound to the glycan-shaved DLL4 SLP (N-EGF2) diffracted to a resolution of 3.4 Å (table S1). Crystals of a complex containing a shorter DLL4 SLP (N-EGF1) construct were obtained by the same strategy and diffracted to a resolution of 2.3 Å (table S1). We determined both structures by molecular replacement using models of unliganded Notch1 (11) (12) (13) and Jagged1 (18, 19) . The electron density maps obtained from the high-resolution Notch1(11-13)-DLL4 SLP (N-EGF1) structure were used for analysis of atomic contacts, whereas the lower-resolution Notch1(11-13)-DLL4 SLP (N-EGF2) structure allowed us to model the additional EGF2 domain.
Architecture of the Notch1-DLL4 complex
In the complex of Notch1(11-13) and DLL4 SLP (N-EGF2), the two proteins form a colinear, antiparallel interaction across a narrow interface that buries 1100 Å 2 of protein and glycan surface area (Fig. 3A) . This antiparallel binding orientation is compatible with either a trans cell-cell contact to initiate signaling or a self-inhibited cis interaction, as has also been proposed (Fig. 3B) (28, 29) . Notch1 EGFs 11 to 13 assemble into a~90 Å rod stabilized by three disulfide bonds per EGF and by Ca 2+ ions coordinated at the inter-EGF junctions. DLL4 SLP (N-EGF2) MNNL (C2-like), DSL, EGF1, and EGF2 domains stretch 120 Å lengthwise. Notch1 ligand-binding residues localize to a continuous surface of EGF 11 and 12, providing structural validation for long-standing cellular, genetic, and biochemical studies implicating this region in Notch activation (18, 20, 24, 30) . Although Notch EGF12 and the Delta/Jagged DSL domain are widely regarded as the central interacting nodes, the complex structure indicates that these regions are offset such that EGF11 lies opposite the DSL and EGF12 engages a disulfidetethered loop at the base of the MNNL (Fig. 3A) . Calcium ions did not contribute directly to the interface in the Notch1-DLL4 structure but are coordinated by residues at the N terminus of EGF11 and at the EGF11-12/EGF12-13 junctions and potentiate the interaction by rigidifying the DLL4-binding platform (Fig. 3A) (31) . Although it has been proposed that Notch activation requires calcium-dependent phospholipid binding by ligand MNNL domains, DLL4 was not bound to any calcium ions, which would suggest that this feature is not essential for signal transduction by all ligands (19) .
The Notch1-DLL4 complex forms an antiparallel 2:2 dimer in the asymmetric unit of the crystal (fig. S5A) . The same dimer organization was present in crystals of both different Notch1-DLL4 complexes ( fig. S5B ). Although such a dimer would be feasible to form between two cells, it is unclear whether the dimer observed in the crystal lattices represents a physiologically relevant assembly (Fig. 3B) . Multi-angle light-scattering analyses of Notch1(11-13) and DLL4 SLP (N-2EGF) indicated that the proteins formed a 1:1 complex in solution ( fig. S6 ). It is possible that the high local concentration of proteins in the two-dimensional environment of cell membranes may drive oligomerization in vivo, but this remains to be shown experimentally.
The Notch1-DLL4 interaction is partitioned across two interfaces: a "site 1" between the DLL4 MNNL domain and Notch1 EGF12, and a "site 2" between the DLL4 DSL domain and Notch1 EGF11 (Fig. 4A and table S2) . With respect to site 1, mutagenesis studies of Notch1-EGF12 defined a patch of residues-Leu 468 , Asp 469 , and Ile
477
-localized on a single face of EGF12 as critical for Jagged1 recognition, and O-glycosylation of residue Thr 466 on this same face enhances binding to DLL1, DLL4, and Jagged1 (13, 24) . Remarkably, the Notch1(11-13)-DLL4 SLP (N-EGF1) structure indicates that the Notch1 Thr 466 O-fucose modification centrally anchors the DLL4-binding interface, essentially acting as a surrogate amino acid (Fig. 4A) . O-Fuc 466 buries more than 80% of its total surface area between Notch1 EGF12 and the surface of the MNNL, where it participates in a network of glycan-protein contacts (Fig. 4, A  and B (Fig. 4, A and B (Fig. 4, A and B) . The O-Glc modification Ser 435 of Notch1 interacts with DLL4 by donating an H-bond to the carboxylate head group of DLL4 Asp 218 and participating in a van der Waals (VDW) interaction with the side chain of Gln 219 (Fig. 4, A and B) . We modeled a b1-glucose at this position because recent mass spectroscopy data classified the sugar as a hexose, although we cannot rule out the possibility of other O-linked hexoses such as mannose or galactose (21) (Fig. 4, A and B) .
To assess the relative importance of key interface residues to binding, we mutated MNNL fucose-binding platform residues His 64 and Tyr 65 and DSL residues Phe 195 and Tyr 216 to alanine and analyzed cell-surface capture of Notch1(10-14) using a fluorescence-based assay. Mutation of Y216A completely abolished binding to Notch1, whereas H64A, Y65A, and F195A substantially diminished Notch1 (10) (11) (12) (13) (14) interactions relative to DLL4 SLP (N-EGF5) (Fig. 4C) .
Location of affinity-enhancing mutations
We examined the structural context of our engineered mutations to better understand the molecular basis for affinity enhancement. Surprisingly, none of the three DLL4 SLP substitutions directly contacted Notch1 (fig. S7A ). G28S and F107L mutations are in close spatial proximity within the MNNL and probably strengthen the interaction by stabilizing the MNNL-DSL hinge or the adjacent EGF12-contacting residues Phe 109 and Thr 110 ( fig. S7A ). The L206P mutation lies at the center of a DSL beta strand, where it may indirectly enhance binding ( fig.  S7A) . Modeling of the additional mutations in our second-generation E12 construct revealed that only the H194Y and K215E substitutions occur at DLL4 contact positions. Thus, it is unlikely that the evolved mutations have introduced differences in the manner that Notch1 binds to wild-type DLL4.
Conservation of contact residues
The four mammalian Notch receptor homologs (Notch1 to 4) signal in response to engagement by four different ligands (Jagged1, Jagged2, DLL1, and DLL4). We performed a conservation analysis to assess whether the Notch1(11-13)-DLL4 SLP (N-EGF1) complex structure is broadly representative of a conserved Notch receptor-ligand interaction mode (Fig. 4B and fig. S8 ). Along the EGF11 interface, discontinuous Notch1 residues Glu and Phe 195 to the interaction is supported by the deleterious functional effects of mutating the equivalent positions in Jagged1 in the Drosophila melanogaster ligand Serrate (Fig. 4B) (18) . Aligning the sequence of Notch ligands to divergent family member DLL3 revealed that only 6 out of 15 Notch1-binding residues are conserved in DLL3 ( fig. S8 ). Because DLL3 has been reported not to bind or activate Notch, it was omitted from our structural analysis of interface conservation (32) . EGF12 interface contacts are more divergent than those of EGF11: Only the calciumcoordinating Asp 469 is identical in all four Notch receptors ( Fig. 4B and fig. S8 ). The functionally relevant, O-fucose-bearing Thr 466 is encoded by Notch1, Notch2, and Notch4 ( fig. S8 ). On the MNNL side, the interacting Phe 109 and a fucosebinding Tyr 65 residue are conserved (Fig. 4B) . Collectively, we propose that the EGF11-DSL interface is the conserved focal point for ligand binding and the more variable EGF12-MNNL interface facilitates ligand pleiotropy. The limited sequence identity at the MNNL interface may then contribute to diverse surface chemistry important for Fringe-mediated tuning of ligand specificity (discussed below). Taken together, our analyses suggest that the general binding mode observed in the Notch1(11-13)-DLL4 SLP (N-EGF1) structure is consistent among Notch receptor and ligand paralogs.
Notch1 O-linked glycans
O-glucosylation and O-fucosylation of Notch1 are strictly required for Notch signaling (11, 12 (Fig. 5A) (21) . We observed clear electron density for the proximal O-glycan at all four predicted positions (Fig. 5B) . Neither O-Glc 458 nor O-Glc 496 contacted DLL4 in the complex structure; thus, their effect on signaling activity would appear to be indirect (Fig. 3A) (11, 33) . From a structural perspective, O-glucose may then facilitate efficient proteolysis by protecting hydrophobic surfaces from aggregation as Notch clusters on the cell surface. The newly identified O-glycan modification of S 435 does not occur at a known O-glycosyltransferase consensus motif but is a salient feature of the structure, given its position at the DLL4 interface (Figs. 3A and 4A ). Elongation of O-Glc 435 has the potential to regulate Notch by enhancing or inhibiting interaction with the opposing DSL domain.
Modeling Thr 466 fucose elongation
Regulation of ligand specificity by Fringe enzymes is a complex process that involves the coordinated elongation of several Notch1 O-fucose moieties (34) . Recent biophysical studies have begun to deconvolve this process by determining that O-fucosylation of Thr 466 of Notch1 substantially enhances binding to Jagged1/DLL1 and moderately enhances binding to DLL4 (13) . Affinity was further increased in all cases when a b1-3 Nag was added to O-Fuc 466 by Fringe enzymes. To probe the molecular basis for Fringemediated affinity enhancement, we generated a model of the naturally occurring Thr 466 O-linked disaccharide based on the single O-fucosylation we see in the structure (Fig. 5C ). The modeled disaccharide tunnels outward through a crevice at the Notch1-DLL4 interface and adopts a similar conformation to that observed in an unliganded, disaccharide-modified Notch1(11-13) structure (13) . The elongated Nag glycan appears to facilitate interactions by generating a network of H-bonds and VDW contacts with both Notch1 and DLL4 and acting as a molecular bridge (Fig. 5D) . The modeled Nag is sandwiched between hydrophobic side chains presented by Tyr 65 of DLL4 and Met 479 of Notch1 and donates a H-bond to the backbone carbonyl of Asp 464 of Notch1 (Fig. 5C ). It is clear from our model that elongated O-glycans are capable of providing substantial additional energetic contributions to Notch-ligand interfaces.
The central chemical and structural role of an O-linked glycan in mediating a receptor-ligand interaction, essentially functionalizing the Notch protein with an expanded capacity for molecular recognition beyond the 20 naturally occurring amino acids, is unusual. It is intriguing that two other key receptor-ligand systems that act as developmental checkpoints in mammals, Wnt/Frizzled and sonic hedgehog (Shh)/patched, also rely on posttranslational modifications for function. Wnt is lipidated, and Shh is cholesterol modified (17, 35) . It is possible that these primordial systems took advantage of the biosynthetic modification pathways (e.g., Pofut and fringe) to achieve fine regulation of signaling in a way that would be difficult to achieve through nonpolymorphic amino acid contacts alone. By linking molecular recognition to the O-glycan heterogeneity, the Notch-ligand interaction can be tuned to reflect the developmental and metabolic state of the cell.
Trans-versus cis-interaction
Canonical Notch signaling involves trans-activation by ligands expressed on adjacent cells, though cis-inhibition of Notch by ligands expressed on the same cell is a potential regulatory mechanism (28, 29) . The antiparallel orientation observed in our structure could mediate both trans-and cisinteractions because of the interdomain flexibility of regions of Notch receptors and ligands ( Fig. 3B) (36, 37) . That the same binding site could mediate trans-interactions between opposing cells and cis-interactions on the same cell has been observed in several immune receptors (38) .
Comparison of Notch1-DLL4 complex with unliganded structures
Notch activation involves ligand-induced conformational changes that render Notch susceptible to proteolytic cleavage. To assess whether conformational changes occur in the interacting regions upon binding, we compared the individual Notch and DLL4 subunits of the complex structure with unliganded structures of Notch1 (11) (12) (13) and Jagged1. Unliganded Notch1(11-13) superimposed onto the backbone and side chains of complexed Notch1(11-13) with a root mean square deviation of 1.44 Å (fig. S9A ), indicating that the protein does not undergo major conformational changes upon binding to DLL4 (18) . Because there is no available structure of DLL4 alone, we compared Notch1-complexed DLL4 SLP to the unliganded structure of homolog Jagged1. The DSL, EGF1, and EGF2 of DLL4 are rotated~25°a bout the MNNL domain relative to their position in Jagged1 ( fig. S9B ), suggesting that ligands may flex at an MNNL-DSL "hinge" to engage Notch. Given that the Notch-interacting residues of DLL4 are well conserved (Fig. 4B and fig. S8 ) and that many of our affinity-enhancing mutations were at noncontact positions, it is possible that the lower affinity of ligands Jagged1 and DLL1 are due to differences in domain orientations about the MNNL-DSL linker.
AGS disease mutations
AGS is an inherited developmental disease that is frequently caused by mutations in Jagged1 (10) . We mapped AGS-associated Jagged1 missense mutations onto their equivalent DLL4 positions in the Notch1(11-13)-DLL4 SLP (N-EGF2) complex to clarify their effect on receptor binding ( fig.  S7B) (39 fig. S7B) . Notably, one AGS patient had a Jagged1 mutation analogous to the DLL4 G28S mutation isolated from our affinity maturation experiments, raising the possibility that the mutation disrupts Notch binding in the context of Jagged1 ( fig. S7B) (40) .
Implications for therapeutic targeting of the Notch pathway
The distinct pathologies linked to Notch receptors and ligands necessitates the development of more precisely targeted therapies. For example, Notch1 mutations are associated with leukemia and aortic valve disease, Notch3 mutations with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, and Jagged1/Notch2 mutations with AGS (39, (41) (42) (43) (44) . Physiological processes can also be differentially regulated by ligands, evidenced by the opposing roles of Jagged1 and DLL4 in angiogenesis and the role of the Notch1-DLL4 axis in lymphatic development and the lymphatic system (45, 46) . Certain advantages of receptor-specific therapeutics have begun to emerge in studies describing the inhibition of tumor growth by Notch1-antagonist antibodies and the control of graft-versus-host disease by DLL1/4-antagonist antibodies (47, 48) . The Notch1(11-13)-DLL4 SLP (N-EGF1) structure provides new insights toward the development of receptor-and ligand-specific drugs. Antibodies against Notch EGF11 and 12 reportedly have limited effectiveness in cellular assays; based on the structure, this is likely due to occlusion of relevant protein epitopes by the 
